This paper compares the theoretical models of electrical conductivity and hydraulic conductivity of a pore network system to assess whether resistivity logs are sensitive to hydraulic rock types. Pore-scale modeling work suggests that both electrical conductivity and hydraulic conductivity are inversely proportional to formation factor. In a fully water-saturated rock, however, hydraulic conductivity is dominantly controlled by pore size whereas electrical conductivity is only marginally affected by pore size. Consequently, rock types of different pore sizes in a similar porosity range cannot be effectively differentiated by resistivity logs in a water-bearing zone. In a hydrocarbonbearing zone, capillary pressure induces different desaturation behavior in different rock types, thereby resulting in differentiable resistivity log signatures that are suitable for rock typing. A field case of turbidite oil reservoir in the Gulf of Mexico shows that inclusion of resistivity logs in the classification workflow can significantly improve the accuracy of hydraulic rock typing compared to rock types derived from nuclear magnetic resonance logs.
Introduction
Electrical conductivity and hydraulic conductivity are two important physical properties closely related to the pore network system (Archie, 1942; Johnson et al., 1986; Pride, 1994; Revil, 2012) . Among all types of well logs, nuclear magnetic resonance (NMR) logs often provide the best estimate of hydraulic conductivity or permeability (Allen et al., 2000) . However, NMR logs are less commonly acquired than resistivity logs, which are routinely logged in almost every well. Therefore, resistivity logs become indispensable for classifying hydraulic rock types in wells without NMR logs (Xu and Torres-Verdín, 2012) . To fulfill the objective of substituting NMR logs with resistivity logs for rock typing, the relation between rock electrical and hydraulic properties at different reservoir conditions (water salinity, water saturation, and capillary pressure) needs to be investigated for different rock types. In this paper, we use well-established theoretical models to study the sensitivity of resistivity logs to different hydraulic rock types in both water-and hydrocarbon-bearing zones. We introduce pore-scale understanding of such a relation and verify interpretations with field data from a turbidite oil reservoir in the Gulf of Mexico, US.
Electrical and Hydraulic Conductivity Models
In a porous rock, the formation factor (F) is defined as (Walsh and Brace, 1984) 2
whereτ denotes tortuosity and φ is porosity. Electrical
and absolute permeability (k) by (Johnson et al., 1986) 
where w σ is water conductivity, s Σ denotes specific surface conductivity associated with the diffuse part of the electrical double layer and the Stern layer, R is dynamic characteristic pore size, S w is water saturation, and n is saturation exponent. Both electrical conductivity and hydraulic conductivity are inversely proportional to formation factor and both are functions of pore size.
In Eq. (2), the surface conductivity term is negligibly small compared to bulk water conductivity, especially when three conditions are met simultaneously: (1) high water salinity, (2) large pore-size, and (3) high water saturation. Figure 1 shows the ratio between surface and the bulk conductivity as a function of pore size with different values of water salinity and water saturation. In the large pore-size end, electrical conductivity is only marginally affected by pore size, while hydraulic conductivity is dominantly controlled by pore size. Consequently, resistivity logs are not sensitive to hydraulic rock types in a water-bearing zone. 
Pore-Scale Modeling
We use a simple pore network model to study the causeeffect chain connecting a series of rock properties including grain size, pore size, capillary pressure, water saturation, and electrical conductivity. Figure 2 shows two pore network systems formed by large (Type A) and small grain sizes (Type B), respectively. Large grain sizes generate large pore sizes accordingly, resulting in large NMR transverse relaxation time T 2 (Fig. 3 ). When these two rocks are subject to the same capillary pressure at reservoir conditions, rock type A exhibits lower water saturation and consequently lower electrical conductivity (Fig. 4) . Therefore, in a hydrocarbon-bearing zone, resistivity logs become more sensitive to the pore network, i.e., hydraulic rock types. It is emphasized that rock types of better hydraulic properties tend to exhibit lower electrical conductivity (or higher resistivity) in hydrocarbon-bearing zones. and resistivity-height relation (right) for two different rock types. P c : capillary pressure; HAFWL: height above free water level; R t : true resistivity.
Field Example: Gulf of Mexico, U.S.
The field example under study is a Miocene turbidite oil field located in the deepwater Gulf of Mexico (Contreras et al., 2006; Xu and Torres-Verdín, 2012) . The depositional system is interpreted as a submarine fan complex developed in a mini-basin with stacked progradational lobes. Reservoirs primarily consist of sandy turbidite facies interbedded with muddy debris-flow facies. Reservoir rocks are mainly unconsolidated sandstones with very fine to fine-to medium-size grains. The mean pore radii of most rocks are larger than 1 μm, while connate water salinity is approximately 160 kppm NaCl.
We defined four hydraulic rock types from the histogram distribution of reservoir quality index (Leverett, 1941) calculated from routine core porosity-permeability measurements (Fig. 5) . Table 1 summarizes the statistical distribution of petrophysical properties for each rock type. It is observed that rock types 1 -4 exhibit a largely overlapping porosity range. These four hydraulic rock types are further verified with grain size measurements ( Fig. 6a ) and capillary pressure data (Fig. 6b) . Mean Grain Size (μm) RT-1 32.1 ± 1.2 973 ± 190 99 ± 25.6 RT-2 31.6 ± 1.5 340 ± 120 46 ± 5.0 RT-3 29.6 ± 1.6 88.0 ± 34.5 33.5 ± 3.32 RT-4 25.9 ± 1.7 13.1 ± 3.67 20.8 ± 4.2 Table 1 . Statistical distribution of porosity, permeability, and mean grain size for each rock type. Figure 7 shows a water-saturated interval from the turbidite reservoir. Rock types in this interval are relatively clean and have a largely overlapping porosity range as shown in Table 1 . Their hydraulic properties are mainly determined by depositional grain sizes. As a result, gamma ray, neutron porosity, bulk density, and resistivity logs do not exhibit significant variability. However, NMR logs including logarithmic-average T 2 (T2LM), bound fluid volume (BFV), and free fluid volume (CMFF) show good sensitivity to hydraulic rock types. We use two different workflows to classify rock types using the same clustering algorithm. The first workflow uses a combination of gamma ray, neutron porosity, bulk density, and NMR logs as input attributes. The second workflow replaces NMR logs with resistivity logs and uses the same clustering algorithms. It was found that rock classification results obtained with the first workflow (Track 7) have much higher resolution than those obtained with the second workflow (Track 8). In other words, resistivity logs do not provide useful information to rock typing in a waterbearing zone.
Zone No.2: Oil Zone (XX20 -XX35 M) Figure 8 shows an oil-saturated zone from the turbidite reservoir, which has essentially the same rock types distributed as in Zone No.1. Resistivity logs show much larger variabilities when compared to Zone No. 1. Resistivity logs exhibit almost the same pattern as the NMR T2LM log. We implemented the two classification workflows to this interval and found that the classification results from the two workflows are comparable (Tracks 7 and 8). This case indicates that resistivity logs provide a good substitution to NMR logs for log-based rock typing in hydrocarbon-bearing zones.
Two limitations are observed in the rock typing workflow that includes resistivity logs. Firstly, boundaries between rock types are slightly different due to different vertical logging tool resolution (induction log > NMR log). Secondly, resistivity logs are affected by the saturationheight change in the capillary transition zone (Xu and Torres-Verdín, 2012), resulting in underestimation of rock hydraulic properties without applying appropriate correction procedures. 
